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Abstract  
 
This study proposes the use of product design in the development of new 

refrigerants. Product design involves the use of consumer preference functions as 
described by Bagajewicz (2007). Consumer preference functions relate the satisfaction 
of consumers to different refrigerants based on their properties. The properties 
examined in this study were toxicity, flammability, explosion potential, global warming 
potential, ozone depletion potential and efficiency.  

The method used to solve for new refrigerants was achieved using an iterative 
method based on group contribution theory. A detailed discussion of group contribution 
theory and the possible refrigerants generated is presented. The refrigerants were then 
ranked based on their efficiency estimated as ∆Hve/Cp, as presented by Sahinidis 
(2003). After completion of this, the new refrigerants were ranked using consumer 
preferences. The ranking system was drastically altered by the use of consumer 
preference functions. This is indicative of advantages to using a different object function 
when ranking possible refrigerants.  

Another estimation performed in this study was the market potential. The target 
market was the automotive market because it offers high volumes of sales. The market 
potential was estimated to be 14.2 thousand metric tons of refrigerant need per year. 
This indicates that an alternative refrigerant will have the potential to generate high 
profits as the industry standard R-134a is phased out.  

 
 
 



  

5 of 50 

Introduction  
 
The phase-out of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons 

(HCFCs) has instigated a search for new refrigerant molecules that have similar 
characteristics to the CFCs and HCFCs, but are not damaging to the environment.  A 
stable, non-toxic, nonflammable, highly efficient refrigerant with no potential to 
contribute to global warming and ozone depletion would be ideal.  

Perfluorocarbons (compounds consisting of solely carbon and fluorine) offered a 
possible alternative because fluorine is not thought to contribute to depletion of the 
ozone, but even these compounds are seen as doomed by the technical community 
(Calm 1998). This study focuses on comparing refrigerant alternatives with the 
incorporation of product design. Product design offers a method for selecting 
refrigerants based not only on physical properties, but the preferences of consumers. 

1 Background  
More than 2000 years ago the Romans and Greeks sent expeditions to the 

mountains in the winter to collect snow, which was then stored for use as a food 
preservative (Winnick 1997). Hundreds of years ago, ice was made in the dry regions of 
Egypt and India by allowing air to evaporate to the open night sky (Winnick 1997). Now, 
refrigerators, air conditioned cars, offices and homes, cold-brewed beer, refrigerated 
transport, temperature-controlled medical environments, and even computer chip 
cooling are made possible by specially designed fluids operating in mechanical 
refrigeration cycles.  

The first mechanically produced cooling system was developed in England in 
1834 (Winnick 1997). The process later became known as vapor compression. 
Basically, a refrigerator or air conditioner is nothing more than a heat pump whose job is 
to remove heat from a low temperature source and reject heat to a higher temper sink 
(Winnick 1997). Figure 1 shows the basic vapor compression refrigeration cycle. 

 

                    
Figure 1 1 – Basic Vapor Compression Refrigeration Cycle 

 

                                                   
1 Vapor-Compression Refrigeration. Answers.com. 4/27/2007  <http://www.answers.com/topic/vapor-

compression-refrigeration>. 
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In this process, cooling is achieved through the Joule-Thompson expansion of a 
fluid through an expansion valve. In figure 1, the refrigerant leaves the expansion valve 
as a saturated vapor-liquid mix (A). The refrigerant then enters the evaporator, which 
converts the saturated mix to a saturated vapor (B). The refrigerant is then compressed 
and leaves the compressor as a superheated vapor (C).  Then a condenser converts the 
superheated vapor into a saturated liquid (D). The saturated liquid then flows through 
the expansion valve and the cycle repeats. 

The process shown in Figure 1 was the model used to evaluate the refrigerants 
in this report because it is employed in common appliances and air-conditioning units. 
Sections 1.1 through 1.4 discuss the types of fluids that have been used as refrigerants. 

1.1 First Generation: 1830-1926 
The first refrigerants were introduced in 1830s with the invention of the vapor 

compression cycle. The chosen refrigerants were based on availability. These 
refrigerants were often highly toxic, flammable and some were even highly reactive 
(Calm 1998). Some of these early refrigerants survived, but most are no longer used. 
Ammonia is an example of a first generation refrigerant that survived. Although 
ammonia is toxic, it remains the preferred refrigerant in some industrial operations (Calm 
1998). Table 1 lists these early refrigerants and the time of their introduction. 

 
Table 1 2: Refrigerants 1830 - 1926 

                            

                                                   
2 Calm, James M. and David A. Didion. "Trade-Offs in Refrigerant Selections: Past, Present and 

Future." Int. J. Refrig., 21, 308 (1998). 
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1.2 Second Generation: 1930-1990 
The second generation refrigerants focused on reducing toxicity and flammability. 

In the 1920’s, General Motors Corporation hired Thomas Midgley to find a refrigerant 
with a low toxicity, low flammability, good stability, and an atmospheric boiling point 
between –40 and 32°F (Lawrence 2003). It took him a nd his associates three days. 
They synthesized all 15 combinations of one carbon with various combinations of 
chlorine, fluorine, and hydrogen. They finally chose dichlorodifluoromethane (Freon) as 
having the most desirable characteristics, thus introducing the first chlorofluorocarbons 
(Lawrence 2003). One of the most famous displays of its non-toxic properties occurred 
when Thomas Midgely filled his lungs with Freon and blew out a candle (Lawrence 
2003).  

While synthesizing Freon, Midgley and his colleagues made three interesting 
observations. First, flammability decreases from left to right for the eight elements 
shown in figure 2. Second, toxicity generally decreases from the heavy elements at the 
bottom to the lighter elements at the top. Lastly, every known refrigerant at the time was 
made from combinations of the elements shown in figure 2 (Calm 1998). 

. 

 
Figure 2 – Periodic Table with Midgley's Highlighte d Elements  

1.3 Third Generation: 1990-2010 
The third generation refrigerants focused on protecting the ozone. The 

chlorofluorocarbons (CFC’s) were found to be a catalyst in the decomposition of ozone 
(O3). Ozone is naturally and constantly formed and decomposed in the atmosphere 
because of high energy UV light. When exposed to UV light, the CFC’s decompose 
leaving a radical chlorine atom which readily reacts with ozone. Researches found that 
replacing one of the chlorine atoms, in a CFC, with a hydrogen atom makes a much 
more stable refrigerant in the stratospheric ozone layer (Lawrence 2003). This discovery 
led to the introduction of hydrochlorofluorocarbons (HCFCs). They have about 90% less 
ozone depleting potential (Lawrence 2003). HCFCs are now used as a replacement to 
CFC’s, but they still contribute to ozone depletion and are therefore scheduled for 
phase-out. 
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1.4 Fourth Generation: 2010- 
A fourth generation refrigerant would ideally be efficient, nonflammable and non 

toxic with good stability, no global warming potential (GWP) and no ozone depletion 
potential (ODP). But the outlook for discovery or synthesis of these ideal refrigerants is 
extremely unlikely. Therefore, trade-offs among desired objectives are necessary to 
achieve balanced solutions (Calm 1998). Interestingly, many first generation refrigerants 
are being examined as possible fourth generation refrigerants (Calm 2007). Figure 3 
shows a diagram displaying the progression of refrigerants throughout time. 

 

 
Figure 3 3 – Refrigerant Fluid Progression 

1.5 Refrigerant Phase-out Schedule 

1.5.1 The Montreal Protocol 
Following the discovery of the Antarctic ozone hole in late 1985, governments 

recognized the need for stronger measures to reduce the production and consumption 
of a number of CFCs (UNEP 2004). The Montreal Protocol on Substances that Deplete 
the Ozone Layer was adopted on 16 September 1987 at the Headquarters of the 
International Civil Aviation Organization in Montreal (UNEP 2004). The Protocol came 
into force on January 1st, 1989, when it was ratified by 29 countries and the EEC. Since 
then several other countries have ratified it (UNEP 2004).  

The Montreal Protocol established requirements that began the worldwide 
phase-out of CFCs. In 1992, this protocol was amended to include HCFCs in the phase-
out schedule. The phase-out schedule for HCFCs begins in 2003 and continues until 
2030. Table 2 displays the HCFC phase-out schedule (EPA 2007).  

                                                   
3 Calm, James M. and Glenn C. Hourahan. Refrigerant Data Update. January 2007. 

Heating/Piping/Air Conditioning Engineering. Feb. 7, 2007 
<http://www.hpac.com/Issue/Article/44475/Refrigerant Data Update>. 
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Table 2 4: Phase-out Schedule for HCFCs 
Year Production Reductions (%)  

2003 

The amount of all HCFCs that can be 
produced nationwide must be 
reduced by 35.0%  

2010 

The amount of all HCFCs that can be 
produced nationwide must be 
reduced by 65.0%  

2015 

The amount of all HCFCs that can be 
produced nationwide must be 
reduced by 90.0% 

2020 

The amount of all HCFCs that can be 
produced nationwide must be 
reduced by 99.5% 

2030 No HCFCs can be produced 

 

1.5.2 The Kyoto Protocol 
In 1992 the United Nations Framework Convention on Climate Change 

(UNFCCC) met in Rio de Janeiro at the Earth Summit to discuss the potential of human 
contributions to global climate change though CO2 and other greenhouse gas emissions, 
which include methane, NOX, nitrous oxide, CFCs and HFCFs .Initially, a voluntary goal 
was established to reduce greenhouse gas emissions below 1990 levels (PEW 1998).  

Later, the participating countries recognized that stronger action was needed and 
established the Kyoto Protocol. The Kyoto protocol aims to reduce greenhouse gas 
emissions to 5.2% below 1990 levels by 2012. Over 100 countries have ratified this 
treaty, but the U.S. still has not ratified the agreement. Many U.S. cities and some states 
have ratified the treaty, but the United States, as a whole, has neglected to ratify the 
treaty. Owing to the current debate on global warming and the increases in state and 
city participation, it is assumed that the US will eventually ratify the Kyoto Treaty (PEW 
1998).  
 
 

  

                                                   
4 What you Should Know about Refrigerants when Purchasing or Repairing a Residential A/C System or 

Heat Pump. Jan. 29, 2007. Environmental Protection Agency. Jan. 29th, 2007 
<http://www.epa.gov/ozone/title6/phaseout/22phaseout.html>. 
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2 The Use of Consumer Preference Functions in Refri gerant 
Design 
In this study, the design of new refrigerants was incorporated with consumer 

preferences functions. The purpose of using consumer preference functions was to 
calculate the demand for a new product when it is in competition with an existing 
product. Once the demand has been predicted, the profitability of producing a new 
product can be determined. This assessment is necessary because producing the best 
product may not be profitable as suggested by Bagajewicz (2007). The following 
equation, derived from microeconomics, was used to calculate the demand for new 
refrigerants. In this equation, the variable β is the only variable developed from 
consumer preference functions. 
 
Equation 1 – Demand for a New Product  
 

0)( 1

1

2

11
2111 =







 −







−=
−

ρ
ρρ

β
αφ d

p

dpY
pdpd  

Where:   d1 is the demand for the new product 
   p1 is the price for the new product  
   p2 is the price for the existing product  
   Y is the market potential 
   ρ is a constant that was set to a value of 0.76 
   α is the consumer awareness of the new product as a function of time 

 β is the parameter used to relate respective consumer preferences 
 

2.1 Consumer Preference Functions 
Consumer preference functions are used to predict consumer reactions to 

different design properties. In this case, consumer preference functions were used to 
predict consumer reactions to refrigerant properties. The properties for examination 
were flammability, toxicity, explosion potential, efficiency, global warming potential, and 
ozone depletion potential.  

The development of consumer preferences can be conducted in two ways. The 
first, and least accurate, involves estimation. An engineer or economist can conduct 
market research and estimate the reactions that consumers will have to the properties of 
interest. The second way involves an in-depth survey that polls consumers about the 
properties of interest. This method is far more accurate because consumers actually 
participate in the process.  

In this study, the consumer preferences had to be estimated because the 
resources for an in-depth survey were not available (although it was not employed, a 
survey was prepared and is attached in the appendix). This is an unfortunate drawback, 
but it does not nullify the validity of the consumer preference functions that were 
developed. They offer insight into designing refrigerants using consumer preferences. 

 

2.1.1 Development of β using Consumer Preference Functions 
In equation 1, the variable of greatest interest to engineers is β because it can be 

manipulated by varying different design parameters (Bagajewicz 2007). The goal is to 
design products that minimize β. The following equation shows how β was developed.  
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Equation 2 – Respective Consumer Preferences 

1

2

H

H=β  

 
In the preceding equation, H2 is the consumer preference function of the existing product 
and H1 is the consumer preference of the new product. The following equation shows 
how H2 and H1 were developed. 
 
Equation 3 – Consumer Preference Function 

∑= iii yH ω  
Where:  ωi  is the weight of the refrigerant property 

 yi   is the property score of each refrigerant property 
 

The most important variable in the preceding equation is the property score, yi, 
because it changes for alternative refrigerants; whereas ωi remains constant. The 
desired outcome is that a minimum value for β can be achieved by investigating multiple 
refrigerants. This is based on the assumption that many of the refrigerants examined will 
have different property scores; thus changing the value of β.  

Property scores are developed using a two step process. First, a refrigerant 
property is related to options that a non scientific participant can understand. This is 
important because the participants of the surveys must be able to identify with 
refrigerant properties. Participants are asked to list, on a percentage basis, how satisfied 
they are with each of the options given for a refrigerant property. Figure 4 depicts the 
expected satisfaction curve for the provided efficiency options. In figure 4, a property 
score of one indicates that the consumer is 100% satisfied and a property score of zero 
indicates that the consumer is 0% satisfied.  
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Figure 4 – Satisfaction vs. Efficiency  
 
After generating the satisfaction curve from consumer preferences, the x-axis is 

changed so that it can be used in the design process. Figure 5 displays the evolution of 
the satisfaction curve in figure 4 into a relationship between consumer satisfaction and a 
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measurable design variable. Figures 6-15 were developed using the same methods 
described for figures 4 and 5. 

Property Score vs. ∆Hve /Cp

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 0.5 1 1.5 2 2.5 3

∆Hve/Cp

P
ro

pe
rty

 S
co

re

 
Figure 5 – Property Score vs.  ∆Hve/Cp 

 
Figures 6 & 7 display how this was performed for flammability. 
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Figure 6 – Satisfaction vs. Flammability 

 

Property Score vs. Flash Point
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Figure 7 – Property Score vs. Flash Point 
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Figures 8 & 9 display how this was performed for toxicity. 

Property Score vs. Toxicity
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Figure 8 – Satisfaction vs. Toxicity 

 

Property Score vs. LD 50 Conc.
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Figure 9 – Property Score vs. LD 50 Conc. 

 
Figures 10 & 11 demonstrate how this was performed for explosion potential. 

Property Score vs. Explosion Potential
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Figure 10 – Satisfaction vs. Explosion Potential 



  

14 of 50 

 

Property Score vs. LEL 
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Figure 11 – Property Score vs. Lower Explosion Limi t 

 
Figures 12 & 13 display how this was performed for global warming potential. 

Property Score vs. Global Warming Potential

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

P
ro

pe
rt
y 

S
co

re

No 
GWP

Very Slight 
GWP

Slight 
GWP

Moderate 
GWP

High 
GWP

Extremely 
High GWP

Property Score vs. Global Warming Potential

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

P
ro

pe
rt
y 

S
co

re

No 
GWP

Very Slight 
GWP

Slight 
GWP

Moderate 
GWP

High 
GWP

Extremely 
High GWP

 
Figure 12 – Satisfaction vs. Global Warming Potenti al 
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Figure 13 – Property Score vs. GWP relative to CO 2 
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Figures 14 &15 display how this was performed for the ozone depletion potential. 

Property Score vs. Ozone Depletion Potential
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Figure 14 – Satisfaction vs. Ozone Depletion Potent ial 

 

Property Score vs. ODP

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 2 4 6 8 10 12 14 16

ODP (Rel. to CCl 3F)

P
ro

pe
rty

 S
co

re

 
Figure 15 – Property Score vs. ODP relative to CCl 3F (R-11) 

 
After relating the yi to a measurable design variable, it is necessary to develop 

the respective weights (ωi) of each refrigerant property. To do this, participants in the 
previously mentioned survey would be asked to rank refrigerant properties based on 
importance. A rank of 10 would mean that the refrigerant property is extremely important 
to the consumer and a rank of 1 would infer that the refrigerant property is unimportant. 
The rankings would then be normalized and used for the respective weights of each 
property. It is important to note that the respective weights must sum to 1. Figure 16 
displays the expected weights for each refrigerant property. 
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Figure 16 – Respective Weights of Refrigerant Prope rties  

 

2.2 Developing α  
α is the consumer awareness of the new refrigerant as a function of time. Initially, 

the consumer will be completely unaware of the new refrigerant. This is assumed to be 
when production of the new refrigerant begins. As time progress, consumers will 
gradually become aware of the new refrigerant. Figure 18 displays how the value of α 
varies with time.  
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Figure 17 – Alpha vs. Time (yrs) 

 
In Figure 19, the pink (top) line represents how the value of α can be increased 

by increased advertising. By increasing the consumer awareness of the new refrigerant, 
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the demand at earlier production years will be higher. This will affect initial sales more 
dramatically than sales during later years. When calculating demand, it was assumed 
that no advertising would be utilized.   
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Figure 18 – Effect of advertising on the value of α 

 

2.3 Estimating the Market Potential (Y)  
Before the market potential can be estimated, a target market must be defined. 

The following sections provide information on two markets of interest.  

2.3.1 Refrigerant Markets 
The air-conditioning and refrigeration industry is in the midst of an unprecedented 

transition, catalyzed by environmental concerns with the impacts of refrigerant 
emissions (Calm 1998). Coupling the phase-out schedules with increasing 
environmental concerns offers an excellent market to exploit. As older, undesirable 
refrigerants leave the market, more desirable, environmentally friendly refrigerants will 
gain more of the market share. This drives the design and development of new 
refrigerants. In this study, the two markets examined for the release of a new refrigerant 
were the residential air-conditioning market and the automotive air-conditioning market. 
The following sections provide more details on each respective market. 

2.3.1.1 Residential Air Conditioning 
In 1997, forty-seven percent of the households in the US had Central Air 

Conditioning (DOE 2000). Table 3 displays the number of households in United States 
and the percentages of these households that have air-conditioning. Based on the trend 
in Table 3, it can be assumed that the number of household with air conditioning is likely 
to increase.  
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Table 3 5: Households with air conditioning 

 
Table 3 provides information regarding the number of units in circulation, but it 

does not provide information concerning the volume of units sold per year. Figure 4 
displays the volume of air conditioners sold in the US from 1999 to 2004. The volume of 
air conditioners is estimated to reach 10.7 million units by 2008 (Snapshot Int. 2004). 
This demonstrates that the residential market has the potential for a high volume of 
refrigerant sales. 

  

 
Figure 19 6 – Air Conditioning Units Sold Per Year  

                                                   
5 Trends in Residential Air-Conditioning Usage from 1978 to 1997. July 24, 2000. US Department of 

Energy. Feb 11th, 2007 
<http://www.eia.doe.gov/emeu/consumptionbriefs/recs/actrends/recs_ac_trends.html>. 
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2.3.1.2 Automotive Air Conditioning 
The residential market is large, but the automotive market is larger. In the United 

States, automotive sales totaled nearly 17 million vehicles in 2005. As well as targeting 
the US, the worldwide market for automotive air conditioning could be exploited. Figure 
4 depicts the automotive sales for several industrialized countries in 2005. 
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Figure 20 – Cars sold by country  

 
In this study, the automotive industry was targeted for a replacement refrigerant. 

This decision was based on the higher volume of automotive sales per year. As such, 
the theoretical refrigerants will be compared to the industry standard HCFC-134a 
(UNFCCC 2007). HCFC is also known as R-134a or 1,1,1,2-tetrafluoroethane. 

 

2.3.2 Estimating the Market Potential (Y) for the A utomotive Market 
In 2000, 17.394 million new cars were sold in the United States (Taylor 2006). If 

it assumed that all of these automobiles have refrigeration systems and these 
refrigeration systems all require approximately 24oz. to operate, then approximately 
14.2 thousand metric tons of R-134a would have been used in automobile refrigeration 
systems in the year 2000. This number can then be compared with data obtained from 
the United Nations Framework Convention on Climate Change (UNFCCC 2007). 

The UNFCCC provides information pertaining to yearly refrigerant production 
rates and the amount of refrigerant released into the atmosphere. The UNFCCC only 
includes information from participating countries. These countries are Australia, 
Columbia, the European Union and its member states, Japan, Switzerland and the 
United States. Table 4 illustrates the data provided by the UNFCCC, but it is important 

                                                                                                                                                              
6 Air Conditioners 2004. July 2004. Snapshot International. Feb. 11th, 2007 

<http://dx.doi.org/10.1337/us080034>. 
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to note that this includes the production of R-134a for uses in the production of 
polystyrene. R-134a may be used in other applications, but these were not listed. 

 
Table 4:  Annual R-134a production and atmospheric release 

 
 When the US automotive needs are compared to the worldwide production, it is 
determined that the US automotive need accounts for approximately 10% of the 
provided value. This value seems reasonable and was therefore used to calculate the 
market potential. 

One additional assumption must be made before the market potential can be 
explicitly stated. The final assumption made was that the automotive market potential 
will remain constant at 14.2 thousand metric tons per year. This assumption is justified 
because automotive sales remained essentially constant from 1999-2005 (Taylor 2006). 
For this reason, the market potential for R-134a is assumed to be 14.2 thousand metric 
tons per year.  

2.4 Competitor Product Price (p2) 
The product price of R-134a (p2) was estimated at 10.00 $/kg. This value was 

obtained from Lenz Sales & Distributing, Inc (Lenz 2006). The distribution size used for 
pricing information was the 12oz. canister. 
 

3 Design of New Refrigerants Based on Consumer Pref erence 
Functions and the Chosen Market 
There are two methods that could have been employed in the search for new 

refrigerants. The first method would involve compiling lists of known molecules that have 
properties suited for refrigeration processes. The possible refrigerants would then be 
compared using properties such as boiling point, coefficient of performance, toxicity, 
GWP, ODP, and flammability. The refrigerant with the most desirable characteristics 
would then be selected as the best available alternative and production could 
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commence after laboratory testing. The drawback to this method is that new or unknown 
molecules would not be included in the list for comparison.  

To account for this, group contribution theory coupled with computer modeling 
was used to generate a list of all potential refrigerant molecules. These molecules were 
then compared in two different ways. They were first compared using an object function 
developed by Sahinidis (2003). Then, they were compared using respective consumer 
preferences described in equation 2.  

3.1 Group Contribution Theory 
For the estimation of physical and thermodynamic properties of pure compounds, 

group contribution methods are the most widely used. In these methods, the property of 
a compound is estimated as a summation of the contributions of simple first-order 
groups which can occur in the molecular structure. They provide the important 
advantage of quick estimates without requiring substantial computational resources 
(Constantinou 1994). In this study, the same physical and thermodynamic relations were 
as in Joback and Reid (1987). 

Group contribution theory was developed by observation of existing molecules as 
a way to predict the basic characteristics of any molecule. Observation divides the 
existing molecules into groups called functional groups. Statistical averages are then 
recorded in tables to be used as references. The statistical data of each functional group 
can then be used to estimate the characteristics of a molecule formed from the 
functional groups.  

3.1.1 Functional Groups used in this study 
Table 5 displays the functional groups that were used in this study. In the 

following table, a dash ( - ) represents and single bond. The equal sign (=) denotes a 
double bond, ( R ) represents a ring bonding site, and ( > ) represents two single bonds. 
These functional groups were selected because they were all common in existing 
refrigerants. 

 
Table 5: Functional Groups Examined in this Study 

Acyclic 
Groups 

Cyclic 
Groups 

Halogen 
Groups 

Oxygen 
Groups 

Nitrogen 
Groups 

Sulfur 
Groups 

-CH3 R-CH2-R -F -OH -NH2 -SH 
-CH2- 2R>CH-R -Cl -O- >NH -S- 
>CH- 2R>C<2R -Br  R-O-R 2R>NH R-S-R 
>C< R=CH-R -I >CO >N-  

=CH2 R=C<2R  2R>CO R=N-  
=CH-   -CHO -CN  
=C<   -COOH -NO2  
=C=   -COO-   

   =O   
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3.2 Computer Modeling Using the Selected Functional  Groups  
Initially, a user interface for mathematical optimization was employed to find the 

optimum solution for a specified objective function. The advantages of this method are 
as follows: the model calculates only options that lead to a more likely solution and 
solutions are found in a relatively short period of time. However, the model requires a 
good initial guess and a database of chemicals and properties. The database necessary 
for accurate evaluation of the objective function could not be sufficiently automated in 
the user interface.  

Because of this drawback, a different approach was utilized. This approach used 
an iterative method. The iterative method produced a list of all the possible refrigerant 
molecules. The possible refrigerants were developed from differing combinations of the 
functional groups listed in table 5. The advantage of this method is that every possible 
solution is found and then these solutions can then be compared in multiple ways.  

A spreadsheet, which incorporated the iterative module, searched every possible 
combination within the constraints.   

3.3 Predicting Physical Properties of Theoretical R efrigerants  
The iterative model employed provided a list of theoretical refrigerants, but 

properties of these refrigerants were needed to develop a ranking system. To do this, 
physical properties of the molecules were needed. The following equations, presented 
by Joback (1987) were used to calculate the physical properties of the generated 
theoretical refrigerants. 

 
Equation 4 – Boiling Temperature  

∑
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Where: ni =  Number of Functional Groups present  
 Tb=  Boiling temperature 
 Tbi= Contribution of group i to boiling temperature 

 
Equation 5 – Critical Temperature 
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Where: Tc=  Critical temperature 
 Tci=  Contribution of group i to critical temperature 

  
Equation 6 – Critical Pressure 
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Where:  ai=number of atoms in group i 
  Pci= contribution of group i to critical pressure 
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Equation 7 – Ideal Gas Heat Capacity at Average Tem perature 
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Where: Tavg= average temperature (user defined) 
 Cp0ai=a contribution to heat capacity  
 Cp0bi=b contribution to heat capacity  
 Cp0ci=c contribution to heat capacity  
 Cp0di=d contribution to heat capacity at average temperature  

 
Equation 8 – Reduced Boiling Temperature 
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Equation 9 – Reduced Average Temperature 
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Equation 10 – Reduced Condensing Temperature 
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Where: Tcnd = Condensing temperature in the refrigerant cycle 
 

Equation 11 – Reduced Evaporating Temperature 
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Where: Tevp = Evaporating temperature in the refrigerant cycle 
 
Equation 12 – Accentric Factor ( ω) 
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Equation 13 – Liquid Heat Capacity 
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Equation 14 – Enthalpy of Vaporization at Boiling T emperature 
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The Riedel method (Poling 2001) was used to estimate the enthalpy of 

vaporization at boiling temperature because the method used by Joback (1987) yielded 
poor results. This method was advantageous because it is a function of Tc, Tb, and Pc 
and these values are easily calculated using equations 4-6. 

 
 

Equation 15 – Reduced Vapor Pressure at Condensing Temperature P VPCR 
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Equation 16 – Reduced Vapor Pressure at Evaporating  Temperature 

[ ]32 )1)(3(1)( evprevprevpr
evpr

PVER TTkT
T

G
PLn −++−−=  

 
Equation 17 – Vapor Pressure at Condensing Temperat ure 

cvpcrvpc PPP =  

 
Equation 18 – Vapor Pressure at Evaporating Tempera ture 

cvpervpe PPP =  

3.3.1 Structural Constraints 
Structural constraints were incorporated into the iterative module to ensure that 

the combinations of functional groups formed feasible or realistic molecules. The six 
structural constraints employed are as follows: 
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1. There must be an even number of functional groups with an odd number of 
bonding sites, (i.e. 1 or 3 bonding sites.)  

2. Functional groups must be able to be connected to form one molecule.  
3. Because two bonding sites are needed to make one bond, the total number of 

bonding sites should be even.  
4. The number of functional groups of each bond type should be even.  
5. When the set of functional groups contain two or more bond types, a transitional 

group must exist. The transitional group is one that contains at least two different 
bonding site types (i.e. =CH- contains both a single and a double bonding site.) 

6. Every branch should have an edge or end cap. The end cap is a functional 
group with only one bonding site; it essentially closes the molecule. 

3.3.2 Physical Constraints 
Physical constraints based on the molecular size and vapor pressure limitations. 

The use of functional requires that at least two groups are combined to make one 
molecule. Additionally, observations of our results showed that no molecules that met 
the thermodynamic constraints exceeded ten functional groups.  

To prevent a leak into the compressor system, the minimum vapor pressure at 
evaporation is set to 1 bar. The vapor pressure of a potential refrigerant should also fall 
within the mechanical limitations of the vapor compressor. The maximum vapor 
pressure at condensation is set to 10 bar. 
 

3.4 Limitations of Group Contribution Theory 
Group contribution theory is helpful when predicting physical properties, but it 

has its drawbacks. One of these drawbacks is that it does not accurately predict physical 
properties for some molecules. To illustrate this, the estimated values for the boiling 
temperature, critical temperature and critical pressure were compared to actual values 
listed for molecules. This has only been performed for molecules with literature values, 
but it is apparent that group contribution fails drastically for some molecules. Table 6 
depicts the error associated with the properties examined.  

 
Table 6:  Error Using Group Contribution Theory 

 Tb Tc Pc 

Maximum Error 47% 32% 36% 

Minimum Error 0.4% 1.1% 0.5% 

Average Error 16% 14% 12% 
 
 

3.5 Selected Objective Function for Refrigerant Ran king 
The objective function chosen for ranking the refrigerant molecules is shown in 

the following equation. 
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Equation 19 – Objective Function Selected for Ranki ng Refrigerants 

pla

ve

C

H
Obj

∆
=  

 
This objective function was proposed by Sahinidis (2003). The theory behind this 

objective function is that a fluid with a large heat of vaporization has the ability to 
remove a larger amount of heat from the surrounding environment (i.e. to cool more air 
per unit mass) and the smaller liquid heat capacity reduces the amount of refrigerant 
vapor generated in the expansion valve (Sahinidis 2003). Theoretically, this objective 
function predicts the efficiency of the refrigerant, but this theory could not be tested.  

Table 7 displays the top 20 theoretical refrigerants. Many of these compounds 
already exist, but several are unknown compounds. 

 
Table 7:  Ranked Refrigerants using the Objective F unction Proposed by Sahinidis (2003) 

Ranking  Molecule  ∆Hve/Cp 

1 
CH2=CH-Cl 

2.12 

2 
CH2=CH-F 

1.73 

3 CH2=CFCl 1.72 

4 
CH3 -CH=CH2 1.60 

5 
CH2=C=CH-F 

1.51 

6 
CH2=CH-O-F 

1.46 

7 
Cl2 1.38 

8 
CH2=CF2 1.37 

9 F-Br 1.35 

10 
CH2=CCH3F 

1.34 

11 
CH2=CH-CH2-F 

1.31 

12 
CH2=C=CF2 1.28 

13 
CH2=C=C=C=O 

1.25 

14 FSH 1.24 

15 CH2=C(-F)-O-F 1.24 

16 
FNH2 1.24 

17 cyc(CH=CH-CH2) 1.24 

18 cyc(CH=CH-O) 1.23 

19 O=CH-Br 1.17 

20 CH2=CH-C(=O)-F 1.16 

R-134a R134a 0.56 
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Table 8 displays how the ranking system changes when the consumer 
preference functions described in section 2.1.1. The property scores used to calculate 
the consumer preference functions in table 8 were developed from data available in 
literature sources.  

 
Table 8: The Effect β has on the Ranking System 

Chemical Formula H = Σx iyij  β = H2/H1 Ranking using ∆Hve/Cp  
CH2=CH-F 0.61 1.39 2 

CH3 -CH=CH2 0.61 1.39 4 
CH2=CF2 0.51 1.68 8 

CH2=CH-Cl 0.50 1.69 1 
CH2=CFCl 0.49 1.75 3 

CH2=C=CH-F 0.40 2.13 5 
CH2=CH-O-F 0.40 2.14 6 

CH2=CH-C(=O)-F 0.40 2.14 20 
Cl2 0.40 2.15 7 
F-Br 0.39 2.17 9 

CH2=CCH3F 0.39 2.17 10 
CH2=CH-CH2-F 0.39 2.18 11 

CH2=C=CF2 0.39 2.18 12 
CH2=C=C=C=O 0.39 2.19 13 

FSH 0.39 2.19 14 
CH2=C(-F)-O-F 0.39 2.19 15 

FNH2 0.39 2.19 16 
cyc(CH=CH-CH2) 0.39 2.19 17 

cyc(CH=CH-O) 0.39 2.20 18 
O=CH-Br 0.38 2.22 19 

R134a H2 = 0.85  - - 
 

3.5.1 Correlation with Molecular Weight 
One observation produced from this study was the correlation between the 

objective function and the molecular weight. It was assumed that lighter molecules 
generally make better refrigerant and figure 7 affirms this assumption. Therefore, future 
efforts should be concentrated in research molecules with lower molecular weights 
rather than heavier molecules.  
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Objective Function vs. Average MW
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Figure 21 – ∆ H/Cp vs. molecular weight 

4 Conclusions  
The incorporation of consumer preference functions into the design of new 

refrigerants was the objective in this study. The advantage of using consumer 
preference functions, instead of efficiency, to rank lists of possible refrigerants has been 
effectively demonstrated. Tables 7 and 8 show how drastically the ranking system 
changed when consumer preference functions were used.  

The objective of the study was a success, but it is important to consider one of 
the limitations in the widely accepted design procedure used for development of new 
refrigerants.  

Group contribution theory, the most common method used to predict pure 
component physical data, is not a good way to predict properties for a wide range of 
molecules. It predicts data well for some molecules, but drastically fails for other 
molecules. This is a severe design limitation because it excludes some of the possible 
molecules from examination. To account for this, it is recommended that a different 
method of calculating these physical properties be developed.  

5 Recommendations 
Recommendations for the improvement of this study are as follows:  
 

1.) Develop correlations to relate data obtained from models to consumer 
preference functions. Relationships could be developed to relate 
properties that can be found from the empirical data to those exclusive to 
an individual molecule.  

2.) Link spreadsheets to databases to quickly search through molecules. Not 
all properties can be examined from a molecule’s empirical formula or 
structure. Many databases, in periodicals, for potential refrigerant 
molecules are available for possible refrigerants. These databases could 
eliminate error caused by property estimation.  

3.) A large scale survey needs to be performed. A large scale random survey 
is needed to find actual consumer preferences to refrigerant properties.   
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4.) More structural constraints need to be developed. Some molecular 
structures pass the filters in the iterative method, but do not exist in 
reality. 

5.) Considering refrigerant blends would create many more options for 
refrigerant solutions. 

6.) Lastly, a study needs to be performed in the laboratory. The laboratory 
setting offers the benefit of being able to measure data for synthesized 
refrigerants. In this way, more accurate correlations for group 
contributions or efficiency could be developed. 



  

30 of 50 

 

6 References 
Air Conditioners 2004. July 2004. Snapshot International. Feb. 11th, 2007 

<http://dx.doi.org/10.1337/us080034>. 
American Housing Survey for the United States: 2005. August 2006. U.S. Department of 

Housing and Urban Development and the US Department of Commerce. Feb 
11th, 2007 <http://www.census.gov/prod/2006pubs/h150-05.pdf>. 

Bagajewicz, Miguel J. “The Best Product is not the Best Product: Integration of Product 
Design with Multiscale Planning, Finances, and Microeconomics.” (Not Currently 
in Print). 

Calm, James M. and David A. Didion. "Trade-Offs in Refrigerant Selections: Past, 
Present and Future." Int. J. Refrig., 21, 308 (1998). 

Calm, James M. and Glenn C. Hourahan. “Refrigerant Data Update.” Heating/Piping/Air 
Conditioning Engineering 79.1 (2007): 50-64. 

Cogan, Lisa. United Kingdom: An Overview of the Automotive Market. December 2006. 
U.S. Commercial Service. February 12th, 2007 <export.gov>. 

Constantinou, Leonidas and Rafiqul Gani. “New Group Contribution Method for 
Estimating Properties of Pure Compounds.” AICHE Journal  40.10 (1994): 1697-
1710.  

Climate Change 2007: The Physical Science Basis. Contribution of Working Group 1. 
IPCC. Feb. 2007.  

Duvedi, Amit P. and Luke E.K. Achenie. “Designing Environmentally Safe Refrigerants 
using Mathematical Programming.” Chemical Engineering Science 51.15 (1996): 
3727-3739.  

HCFC Phaseout Schedule. April 16th, 2006. Environmental Protection Agency. Feb. 
5th, 2007 <http://www.epa.gov/ozone/title6/phaseout/hcfc.html>. 

History of Kyoto Protocol.  PEW Center on Global Climate Change. March 14th, 2007 
<http://www.pewclimate.org/history_of_kyoto.cfm>. 

History of the Refrigerator. History.com. 2/7/2007 
<http://www.history.com/exhibits/modern/fridge.html>. 

Houghton, J.T. et al. Climate Change 2001: The Scientific Basis. Contribution of 
Working Group 1. New York: Cambridge University Press, 2001.Published for the 
IPCC.  

Joback, K.G., and R.C. Reid. “Estimation of Pure-Component Properties from Group 
Contributions.” Chemical Engineering Communications 57.1-6 (1987): 233-243. 

Lawrence, Jesse N. “Refrigeration Fundamentals Throughout History: Methods Used to 
Obtain Colder Temperatures, and Principles Governing Them.” February 25, 
2003. University of Alabama. February 5, 2007 
<http://bama.ua.edu/~chem/seminars/student_seminars/spring03/papers-
s03/lawrence-s03.pdf>.  

Lenz Sales and Distributing, Inc. ©2006. 4/27/2007< 
http://store.lenzdist.com/section.php?xSec=42>. 

Merry, Cao. “China Automotive Market 2006”. January 2007. U.S. Commercial Service. 
February 12th, 2007 <export.gov>. 

Montreal Protocol. 2004. United Nations Environment Programme (UNEP). 4/28/2008< 
http://ozone.unep.org/Treaties_and_Ratification/2B_montreal_protocol.shtml>. 



  

31 of 50 

Poling, Bruce E., John M. Prausnitz and John P. O’Connell. The Properties of Gases 
and Liquids 5th Edition. O’Connell, J., B. Poling and J. Pransnite. New York: 
McGraw-Hill, 2001. 

Sahinidis, Naikolaos V., Mohit Tawarmalani and Minrui Yu. “Design of Alternative 
Refrigerants via Global Optimization.” AIChE Journal 49.7 (2003): 1761-1775. 

Tamada, Hisao. Japan: Automobile Industry. July 2006. U.S. Commercial Service. 
February 12th, 2007 <export.gov>. 

Taylor, Paul. NADA Auto Exec Magazine. autoexecmag.com. MAY 2006 3. 
http://www.nada.org/Publications/NADADATA/. Accessed Feb 16th, 2006. 

Trends in Residential Air-Conditioning Usage from 1978 to 1997. July 24, 2000. US 
Department of Energy. Feb 11th, 2007 
<http://www.eia.doe.gov/emeu/consumptionbriefs/recs/actrends/recs_ac_trends.
html>. 

“Relationship between efforts to protect the stratospheric ozone layer and efforts to 
safeguard the global climate system: issues relating to hydrofluorocarbons and 
perfuluorocarbons.” 2007. The United Nations Framework Convention on Climate 
Change (UNFCC). Feb 11, 2007 < 
http://unfccc.int/files/methods_and_science/other_methodological_issues/interact
ions_with_ozone_layer/application/pdf/hcfc134a00.pdf>. 

Winnick, Jack. Chemical Engineering Thermodynamics. United States: John Wiley & 
Sons, Inc., 1997. 

What you Should Know about Refrigerants when Purchasing or Repairing a Residential 
A/C System or Heat Pump. Jan. 29, 2007. Environmental Protection Agency. 
Jan. 29th, 2007 <http://www.epa.gov/ozone/title6/phaseout/22phaseout.html>. 

 



  

32 of 50 

7 Appendix  



  

33 of 50 

7.1 Survey Developed to Predict Consumer Preference  Functions 
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7.2 Code used in the User Interface (GAMS) 
GAMS Code 
The following code is used with a user interface for a non-linear mixed integer solver to 
maximize the objective function dH/Cp. This code incorporates all of the many of the 
same constraints outlined for the VBA module, with the difference that there are no extra 
constraints built into the code for the purpose of speeding up the process of finding the 
optimum refrigerant. 
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7.3 Code used in the Iterative Method in Excel 
 
VBA Code 
The following code was used in conjunction with a Microsoft Excel spreadsheet. The macro 
contains 39 “For…then” statements which iteratively creates every possible combination of 
functional groups. Within the statements, two tests speed up the macro by preventing the creation 
of functional group combinations that will not pass the constraints. One test excludes molecules 
that are larger than 10 functional groups. The second excludes that have a boiling point larger 
than 310K. 
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